Optical fibers have an inherent capability of transmitting high bandwidth analog and digital signals.
INTRODUCTION
Fiber -optic sensing systems have found wide applications in various fields of industry due to EMP immunity, low weight and volume, and broad bandwidth capabilities.
In these systems a sensor incorporated in a sensing head responds to changes in a measured parameter by modulating the light passing through it. The sensor is an element that is being affected by the measured parameter and reacts to the changes in this parameter by encoding or modulating an optical signal.
The measured parameter acting on the sensor could modulate intensity or phase of this signal, affect the time constant, optical frequency, and other parameters of the initial optical signal.' The sensing head also plays an important role in the way the system operates. The purpose of the sensing head is to support the modulation or encoding of the optical signal.
The sensing head provides, if needed, referencing, compensation, delay, and other features that promote the given mode of operation and sometimes determine the type of sensing system.2
Resonators form a special group of fiber -optic sensing heads that respond selectively to specific frequencies of a signal passing through them.
A simple example of a resonator is an optical interferometer.
However, their use at optical frequencies has several disadvantages.
Fiber optic interferometers are phase sensitive devices with complex stabilizing and signal processing electronics. Also, they must employ single -mode fibers in order to achieve the maximum efficiency of the sensing system. On the other hand, sensors that modulate the intensity of the light are attractive because of their simplicity and low cost. This paper describes and analyzes the performance of fiber optic sensing systems with intensity modulating sensors incorporated in resonant sensing heads. 2. SYSTEM ANALYSIS Schematics of different interferometric sensing heads are presented in Fig. 1 . A common factor among interferometric heads is that they split the initial optical signal into two or more signals, delay one of these signals with respect to the others, and then recombine them producing a resultant signal. Resonant conditions occur when the initial signal contains frequency components with periods that are equal to or are an integral multiple of the time delay. For theoretical and experimental analyses, a reflective Fabry -Perot type interferometric sensing head has been chosen.
Schematics of such a sensing head have already been reported. The sensing head consists of a piece of multimode fiber placed between two mirrors. One of the mirrors is a semitransparent, semireflective one, and the other is a reflector. An intensity sensor is incorporated in the interferometric sensing head and can be either intrinsic or extrinsic. The experimental setup is shown in Fig. 2 . It consists of a light source with a driver -modulator, a sensing head with an intensity sensor, a photodetector Optical fibers have an inherent capability of transmitting high bandwidth analog and digital signals. To apply this property of fiber optics to remote sensing, special sensing heads as well as signal processing electronics have to be developed. In systems employing intensity modulating sensors, there is also a need for a referencing technique to compensate for changes in the transmission of the connecting fibers and light source intensity. This paper discusses fiber optic sensing systems using intensity sensors incorporated in sensing heads of a special configuration. Different modes of operation as well as resonant conditions are explained. Theoretical and experimental analyses are also given.
!_.__INTRODUCTION Fiber-optic sensing systems have found wide applications in various fields of industry due to EMP immunity, low weight and volume, and broad bandwidth capabilities. In these systems a sensor incorporated in a sensing head responds to changes in a measured parameter by modulating the light passing through it. The sensor is an element that is being affected by the measured parameter and reacts to the changes in this parameter by encoding or modulating an optical signal. The measured parameter acting on the sensor could modulate intensity or phase of this signal, affect the time constant, optical frequency, and other parameters of the initial optical signal. 1 The sensing head also plays an important role in the way the system operates. The purpose of the sensing head is to support the modulation or encoding of the optical signal. The sensing head provides, if needed, referencing, compensation, delay, and other features that promote the given mode of operation and sometimes determine the type of sensing system. 2
Resonators form a special group of fiber-optic sensing heads that respond selectively to specific frequencies of a signal passing through them. A simple example of a resonator is an optical interferometer. However, their use at optical frequencies has several disadvantages. Fiber optic interferometers are phase sensitive devices with complex stabilizing and signal processing electronics. Also, they must employ single-mode fibers in order to achieve the maximum efficiency of the sensing system. On the other hand, sensors that modulate the intensity of the light are attractive because of their simplicity and low cost. This paper describes and analyzes the performance of fiber optic sensing systems with intensity modulating sensors incorporated in resonant sensing heads.
2.
SYSTEM ANALYSIS Schematics of different interferometric sensing heads are presented in Fig. 1 . A common factor among interferometric heads is that they split the initial optical signal into two or more signals, delay one of these signals with respect to the others, and then recombine them producing a resultant signal. Resonant conditions occur when the initial signal contains frequency components with periods that are equal to or are an integral multiple of the time delay.
For theoretical and experimental analyses, a reflective Fabry-Perot type interferometric sensing head has been chosen. Schematics of such a sensing head have already been reported. The sensing head consists of a piece of multimode fiber placed between two mirrors. One of the mirrors is a semitransparent, semireflective one, and the other is a reflector. An intensity sensor is incorporated in the interferometric sensing head and can be either intrinsic or extrinsic. The experimental setup is shown in Fig. 2 . It consists of a light source with a driver-modulator, a sensing head with an intensity sensor, a photodetector (PD) with signal processing electronics, and optical fibers connecting them. A laser diode (LD) is used as a light source. Two mirrors, M1 and M2, with a 1 -m long fiber L placed between them form a sensing head. The reflection and transmission coefficients of mirror M1 control the amount of optical power launched into the sensing head.
The mirror -reflector M2
is positioned on a translation stage, so a distance between the fiber end and the reflective surface of the mirror could be varied. This provides an intensity modulation of the optical signal passing through the sensing head.
The time varying optical signal emitted by the source experiences multiple reflections in the sensing head.
Thus, the resultant signal x(t) could be represented as a sum of timedelayed signals with the first of these signals being due to the first reflection from the semireflecting mirror Ml:
where m is a positive integer; a is a coefficient determined by the number m, as well as reflection and transmission coefficients of the mirrors and total losses in the sensing head; A is a time delay between the signals exiting the sensing head.
The time delay 0 in the system used is:
where c is the speed of light in a vacuum and n is the group index of refraction of the fiber in the sensing head.
If the Fourier transform of the first signal alx(t) is F1(jw), then the Fourier transform of the entire resultant signal would be: In the following sections we will discuss systems of the same configuration as presented above but using two different driving conditions for the light source, high speed pulsing and CW modulation.
The results in both cases will be described by applying the theory introduced in this section.
3.
PULSE MODULATION
In a system with a pulsed modulated light source, the sensing head generates secondary pulses whose amplitudes encode information about the sensed parameter (in this case a displacement).
Such a system has already been described and a signal processing technique to analyze the resultant signal has been proposed.3,4 Assume that the signal emitted by the 30 / SPIE Vol. .987 High Bandwidth Analog Applications of Photonics ll (1988) (PD) with signal processing electronics, and optical fibers connecting them. A laser diode (LD) is used as a light source. Two mirrors, Ml and M2, with a 1-m long fiber L placed between them form a sensing head. The reflection and transmission coefficients of mirror Ml control the amount of optical power launched into the sensing head. The mirror-reflector M2 is positioned on a translation stage, so a distance between the fiber end and the reflective surface of the mirror could be varied. This provides an intensity modulation of the optical signal passing through the sensing head.
The time varying optical signal emitted by the source experiences multiple reflections in the sensing head. Thus, the resultant signal x(t) could be represented as a sum of timedelayed signals with the first of these signals being due to the first reflection from the semireflecting mirror Ml:
The time delay A A in the system used is:
If the Fourier transform of the first signal form of the entire resultant signal would be:
is F]_(jw), then the Fourier trans-
If the mirrors used have such reflection and transmission coefficients that the secondary reflections are insignificant, then the number of exiting optical signals would be limited to two (m=2), and Eq. (3) could be simplified:
The last equation can be rewritten in a phasor form:
where the first two terms |FI(jw)|exp(j^) are a phasor representation of a Fourier transform F!(JW), a = a2/ai, and arc tan [ -a sin(wA) 1 LI + a cos(wA)J
A plot representing the coefficient [1 + a 2 + 2a cos(wA)] 0 -5 as a function of argument wA for different values of a is shown in Fig. 3 .
In the following sections we will discuss systems of the same configuration as presented above but using two different driving conditions for the light source, high speed pulsing and CW modulation. The results in both cases will be described by applying the theory introduced in this section.
In a system with a pulsed modulated light source, the sensing head generates secondary pulses whose amplitudes encode information about the sensed parameter (in this case a displacement) . Such a system has already been described and a signal processing technique to analyze the resultant signal has been proposed. 3 ' 4 Assume that the signal emitted by the source is a periodic rectangular light pulse with a period T and a duration t1. Then, following the previous analysis, the amplitude spectrum of the resultant signal detected could be written as: analyzing the resultant signal has (8) already been described.5 It is based on splitting the generated electric signal into two branches (low frequency and high frequency), filtering the appropriate frequency components, processing these components separately, and taking a ratio of the resultant signals. After the signal is split and passed through bandpass filters centered at the first (m =1) and the second (m =2) harmonics, the ratio of amplitudes of these harmonics is: 
Despite the fact that the technique works at any value of T, t1, and A, the system performs best when the repetition rate T and the length L of the fiber in the sensing head are related as:
where k is an integer and T = 2A.
A similar resonant condition occurs when the initial signal sent into the sensing head is in the form of a double pulse, and the delay ô between pulses in the initial signal is equal to 20.
Assuming that the amplitudes of the pulses in the initial double pulse are the same, the amplitude spectrum of the resultant signal could be written as: The phenomenon that occurs when an initial double pulse is used, has been already observed and the results of the observations have been presented in Ref. 5 .
During the experiment, frequency bands have been clearly identified. The behavior of these frequency bands is similar to that of separate frequencies for the case of a symmetric pulse.
The presence of frequency bands is attributed to the initial double pulse repetition rate.
The pulse duration ti is 5 nsec and the repetition rate of the initial signal is about 10 kHz. The delays are chosen to be 6 = 20 nsec and A = 10 nsec.
The bandpass filters used to separate the frequency bands are centered at frequencies 50 MHz and 100 MHz and have half -power bandwidths of about 13 MHz and 25 MHz, respectively. Experimental data for this case obtaining a range of displacements from 0 to 600 pm is shown in Fig. 4 .
In order to process the resultant signal, both techniques require filtering and separate processing of either two frequency components or frequency bands of the signal. Although the processing schemes are completely analogous, the bandwidth of the filters is critical. Any shift in frequency or change in the filter width can cause a loss of the outer frequency bands, reducing the system's sensitivity. 4 .
CONTINUOUS MODULATION
In the case of a continuous sinusoidal modulation of the light source intensity at RF frequencies, the sensing head described performs as an interferometer whose output is the superposition of two sinusoidal waves with their phase difference dependent on the cavity delay. Note that the coherence length of the light source is much shorter than the cavity length so source is a periodic rectangular light pulse with a period T and a duration tj. Then, following the previous analysis, the amplitude spectrum of the resultant signal detected could be written as: respec-
A signal processing scheme for analyzing the resultant signal has already been described. 5 It is based on splitting the generated electric signal into two branches (low frequency and high frequency), filtering the appropriate frequency components, processing these components separately, and taking a ratio of the resultant signals. After the signal is split and passed through bandpass filters centered at the first (m=l) and the second (m=2) harmonics, the ratio of amplitudes of these harmonics is:
,< A similar resonant condition occurs when the initial signal sent into the sensing head is in the form of a double pulse, and the delay 6 between pulses in the initial signal is equal to 2A . Assuming that the amplitudes of the pulses in the initial double pulse are the same, the amplitude spectrum of the resultant signal could be written as: The phenomenon that occurs when an initial double pulse is used, has been already observed and the results of the observations have been presented in Ref. 5. During the experiment, frequency bands have been clearly identified. The behavior of these frequency bands is similar to that of separate frequencies for the case of a symmetric pulse. The presence of frequency bands is attributed to the initial double pulse repetition rate. The pulse duration ti is 5 nsec and the repetition rate of the initial signal is about 10 kHz. The delays are chosen to be 6 = 20 nsec and A = 10 nsec. The bandpass filters used to separate the frequency bands are centered at frequencies 50 MHz and 100 MHz and have half-power bandwidths of about 13 MHz and 25 MHz, respectively. Experimental data for this case obtaining a range of displacements from 0 to 600 jam is shown in Fig. 4 .
In order to process the resultant signal, both techniques require filtering and separate processing of either two frequency components or frequency bands of the signal. Although the processing schemes are completely analogous, the bandwidth of the filters is critical. Any shift in frequency or change in the filter width can cause a loss of the outer frequency bands, reducing the system's sensitivity.
. CONTINUOUS MODULATION
In the case of a continuous sinusoidal modulation of the light source intensity at RF frequencies, the sensing head described performs as an interferometer whose output is the superposition of two sinusoidal waves with their phase difference dependent on the cavity delay. Note that the coherence length of the light source is much shorter than the cavity length so no optical interference effects are observed. Thus, the theory developed and Eqs. (i) to (6) can be applied.
The Fourier spectrum of the resultant signal in this case is:
where w is angular modulation frequency, Al is the amplitude of the primary signal which is generated by a portion of the initial signal reflected from mirror M1 back to the detector.
(See Figure 2) .
It is clear that a sensing system using continuous modulation in the present configuration does not have a reference channel to compensate for variable losses in the system. The reference channel has been constructed by using two modulating frequencies.
To obtain a resonant condition, the frequencies fl and f2 have been chosen so that f2 = 2f1 and f2 = c /2nL.
These two frequencies correspond to destructive and constructive interference in the sensing head with a fiber L meters long. Thus, the ratio of the magnitude of the resultant signal obtained at low frequency fl to that obtained at high frequency f2, VLF /VHF, is:
where Al is the amplitude of the signal described by Eq. (13) with the modulating frequency fi of the initial signal corresponding to destructive interference in the sensing head, B1
is the amplitude of the signal described by Eq. (13) with Ai replaced by B1 and the modulating frequency f2 = 2f1 of the initial signal corresponding to constructive interference in the sensing head.
The amplitudes Al and B1 remain in the final expression for VLF /VHF.
This means that the sensitivity of the system could be altered by intentionally changing one of the RF-driving signals with respect to the other.
Equations (10) and (14) During the experiment, a laser was driven at modulating frequencies of 50 MHz and 100 MHz in order to obtain destructive and constructive interference, respectively, in the sensing head with a 1 -m long fiber.
The resultant signals at these frequencies were ratioed, and according to Eq. (14) the ratio was independent of intensity losses. To verify this, the intensities of modulated signals were decreased to 75 percent of their initial values. The data for both cases with a range of displacements from 0 to 600 pm are shown in Fig. 5 . The maximum deviation of the ratio VLF /VHF does not exceed 1.5 percent of the initial value at the corresponding data point.
During the experiment, a resolution of less than 1 .tm was observed.
5.
CONCLUSION
It has been shown in this paper that the configuration of a sensing head plays an important role in the system's performance. Sensing heads configured as interferometers coupled with appropriate source modulation techniques provide good referencing and high resolution.
The demonstrated insensitivity of the system to intensity losses makes it useful for sensing in a harsh environment. Also, the use of high frequencies for generating and analyzing data broadens the bandwidth of the system. At the same time, the advantage of fiber optics' very broad bandwidth capability is utilized more effectively. 
where w is angular modulation frequency, A^ is the amplitude of the primary signal which is generated by a portion of the initial signal reflected from mirror Ml back to the detector. (See Figure 2) .
It is clear that a sensing system using continuous modulation in the present configuration does not have a reference channel to compensate for variable losses in the system. The reference channel has been constructed by using two modulating frequencies. To obtain a resonant condition, the frequencies fi and £2 have been chosen so that f2 = 2f^ and f2 = c/2nL. These two frequencies correspond to destructive and constructive interference in the sensing head with a fiber L meters long. Thus, the ratio of the magnitude of the resultant signal obtained at low frequency f^ to that obtained at high frequency f2/ is:
where AI is the amplitude of the signal described by Eq. (13) with the modulating frequency fi of the initial signal corresponding to destructive interference in the sensing head, B^ is the amplitude of the signal described by Eq. (13) with A^ replaced by BI and the modulating frequency f2 = 2f^ of the initial signal corresponding to constructive interference in the sensing head. The amplitudes AI and BI remain in the final expression for VLF/VHF. This means that the sensitivity of the system could be altered by intentionally changing one of the RF-driving signals with respect to the other.
Equations (10) and (14) are very similar and if the amplitudes of the initial modulated signals are equal, then Eq. (14) can be simplified to:
During the experiment, a laser was driven at modulating frequencies of 50 MHz and 100 MHz in order to obtain destructive and constructive interference, respectively, in the sensing head with a 1-m long fiber. The resultant signals at these frequencies were ratioed, and according to Eq. (14) the ratio was independent of intensity losses. To verify this, the intensities of modulated signals were decreased to 75 percent of their initial values. The data for both cases with a range of displacements from 0 to 600 ^m are shown in Fig. 5 . The maximum deviation of the ratio VLF/VHF does not exceed 1.5 percent of the initial value at the corresponding data point. During the experiment, a resolution of less than 1 ^m was observed.
It has been shown in this paper that the configuration of a sensing head plays an important role in the system's performance. Sensing heads configured as interferometers coupled with appropriate source modulation techniques provide good referencing and high resolution. The demonstrated insensitivity of the system to intensity losses makes it useful for sensing in a harsh environment. Also, the use of high frequencies for generating and analyzing data broadens the bandwidth of the system. At the same time, the advantage of fiber optics' very broad bandwidth capability is utilized more effectively. 
